Abstract-A silicon micromachined waveguide on-chip sensor for J-band (220-325 GHz) is presented. The sensor is based on a micromachined cavity resonator provided with an aperture in the top side of a hollow waveguide for sensing purposes. The waveguide is realized by microfabrication in a silicon wafer, gold metallized and assembled by thermocompression bonding. The sensor is used for measuring the complex relative permittivity of different materials. Preliminary measurements of several dielectric materials are performed, demonstrating the potential of the sensor and methodology.
I. INTRODUCTION
The characterization of dielectric properties in the J-band (220-330 GHz) is necessary for different applications such as dielectric heating, remote sensing and molecular detection [1] . At these frequencies, the dielectric permittivity of water in a hydration shell is different from that of bulk water due to the mutual coupling between biomolecules and the hydration shell. As the biomolecular processes change the hydration shell, so does its dielectric properties. The measurement of the dielectric properties can lead to a label-free, immobilizationfree, real-time, liquid-phase detection technique [2] . It is also important to derive in an easy way the dielectric characteristics of high frequencies substrates, lenses and antenna radomes for the ongoing development of communication systems at millimetre waves [3] . Different methods for measuring the complex relative permittivity have been adapted for such high frequencies, such as free-space methods using a vector network analyser (VNA) and timedomain spectroscopy (TDS) [4] . However only a few are capable of operating with liquids, such as the single wire transmission line [5] , a substrate integrated waveguide (SIW) loaded with a capillary tube [6] and planar transmission lines but these are quite lossy which limits the interaction length. Waveguides offer lower losses solutions, yet better accuracy and precision can be obtained with a low loss (high Q-value) resonator, since amplitude of the EM-fields are higher at resonance, which improves the detection sensitivity. Typically, cavity resonators are used for the dielectric characterization of materials and could also be used for measurements of the sheet resistance and conductivity of thin films [7] . In this paper, we developed several cavity resonators operating in the band 220-330 GHz which could be used for dielectric characterization, adapting the methodology devised for lower frequencies resonators. Differently from having the dielectric inserted into the cavity resonator it will instead be in close proximity and evanescently coupled to the cavity resonator. By using the proximity coupling the Q-value of the cavity can be kept high. A number of micromachined sensors fabricated in a novel silicon technology (to be presented elsewhere) has been fabricated with a Q-value of above 600 to evaluate the manufacturing technology at WR3-band.
II. DESIGN
The sensor is based on a micromachined cavity resonator provided with an aperture in the top side of a hollow waveguide for sensing purposes, evanescently-coupled to the material under test (MUT).
A. Cavity resonator
For an empty, air filled resonant cavity, the fundamental resonant frequency follows the equation [8] , (1), where a and d are respectively the width and length of the cavity resonator, r and r are the relative permittivity and permeability of the filling material. The cavity resonator, its E field evanescently-coupled to the MUT is shown in Fig. 1 . The width a = 864 μm of the rectangular cavities is fixed by the WR-3 waveguide dimensions and the design parameter is the length d = 750 μm which is used to fix the resonant frequency. The height of the waveguide is also fixed by the technology, b = 285 μm. A two port cavity resonator filter was designed for 250 GHz. The coupling coefficient is adjusted by changing the opening width, noted in Fig. 1 of the inductive irises. Using HFSS simulations, it was found that an opening width of 400 μm ensures a critical coupling of the cavity resonator.
B. Q factor extraction
The unloaded-Q factor of the cavity resonator was estimated by measuring the loaded Q factor and coupling coefficients using the following expression:
where the coupling coefficients and are obtained applying the reflection type Q factor extraction to a transmission cavity. The desired actual coupling coefficients in terms of the measured coupling coefficients and are obtained following a methodology described in [9] , as follows:
This method is more accurate when the coupling becomes strong, which is the case for this critically coupled design.
C. Dielectric permittivity extraction
The cavity perturbation theory provides a way to analyse the impact on the on the complex frequency of a material inserted into the cavity resonator, following [10] :
where separating real and imaginary parts in (4), results in:
where is the relative complex permittivity of the sample, Vs and Vc are respectively the volumes of the sample and the cavity resonator, respectively.
In our case, the perturbation volume is located outside the cavity resonator, while fringing fields penetrate this volume. Therefore, the theory is adapted to account for this specific configuration.
D. Correction coupling factor
A correction coupling factor, K is introduced to account for the effective interaction between the resonant cavity and the volume exposed to the fringing fields. The total cavity volume considered is therefore the cavity resonator volume in addition of the volume exposed to the fields penetrating the MUT (i.e. of the aperture area of a height of approximatively 300 μm). In addition, the air gap of 30 μm, corresponding to the top wall thickness between the dielectric materials and the metallized cavity wall is implemented in the HFSS simulation.
The correction coupling factor is taken as the ratio between the resonant frequency obtained using HFSS simulations and the theoretical resonant frequency obtained using the cavity perturbation theory, eq. (5-6). It results from the simulations that the coupling correction factor is inversely proportional to the relative permittivity of the MUT, as can be seen in Fig. 2 . Fig. 2 The coupling correction factor is inversely proportional to the relative permittivity of the MUT.
III. FABRICATION AND ASSEMBLY
The J-band hybrid coupler was fabricated in a low-loss micromachined waveguide technology developed at KTH, consisting of a 285 m thick silicon-wafer etched by deepreactive ion etching, using a silicon dioxide mask. The wafers are metallized by gold sputtering of 1 m and the assembly is realized using thermocompression bonding in a tailor-made chip-bonding chamber. More details on the fabrication process could be found in [11] and [12] . The silicon waveguide results in a 66% waveguide height as compared to the standard height for WR-3.4 of 432 m. The reduced height should only result in minor increase of waveguide losses, which is compensated by a lower surface roughness for reduced etching depth.
IV. MEASUREMENTS Measurements were conducted using a Rohde&Schwarz ZVA24 Vector Network Analyzer with two ZC330 TxRx millimetre-wave extenders in the band 220-330 GHz.
A TRL calibration was carried out, using a micromachined calibration kit implemented on the same chip containing the sensor. The micromachined TRL calibration kit allows for deembedding the reference planes located inside the micromachined rectangular waveguides, i.e., directly adjacent to the sensor waveguide ports shown in Fig. 1 .
Measurements are performed on different cavity resonators filters provided with an opening with dimensions (250 x 250 μm 2 ) in the top waveguide wall. Different dielectric materials are placed on top of the sensing area and the S parameters are measured, see Fig. 3 . Materials measured are:
-600 μm thick high-resistivity silicon (>4000 cm, r=11.6, tan of 6 × 10 4 measured at 100 GHz)
-127 μm thick RO3003 high frequency substrate ( r=3, tan of 1 × 10 3 measured at 10 GHz)
The resonant frequency, FL, the loaded Q factor, QL, coupling coefficients, k and unloaded Q factor, Q0 are extracted from measurements and presented in Table 1 . For the extraction of the complex permittivity it is assumed that the correction factor for the imaginary part is similar to the one for the real part of the permittivity, as it only depends on the E fields. As such, the complex permittivity of the two tested materials can be extracted at 240 GHz, approximatively: r_HRSi = 11.61+j 0.69 and r_RO3003 = 2.59 +j0.94. A comparison between measurements and simulation is shown Fig. 4 , where it is visible that the resonant frequency is lowered by the contact with a MUT with a higher permittivity, and following the theoretical calculation and HFSS simulations. What is less expected is the reduction of frequency shift for higher permittivities. This could be explained by a reduction of the coupling of EM-fields, due to the higher permittivity of the MUT. As to illustrate this purpose, a close up on the E field at the location of the evanescent coupling sensing slot for two relative permittivities of and . The coupling correction factor is reduced for higher permittivities due to less coupling of EM-fields, see Fig. 5 . V. CONCLUSION A 230-330 GHz silicon micromachined waveguide sensor design was presented. Measurements of the sensor probing different materials were performed and the complex dielectric properties were extracted at 240 GHz. These results demonstrate the potential of the sensor and sensing methodology for on chip material characterisation at J-band.
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